The prognosis for malignant glioma, the most common brain tumor, is still poor, underscoring the need to develop novel treatment strategies. Because glioma cells commonly exhibit genomic alterations involving genes that regulate cell-cycle control, there is a strong rationale for examining the potential efficacy of strategies to counteract this process. In this study, we examined the antiproliferative effects of the cyclin-dependent kinase inhibitor dinaciclib in malignant human glioma cell lines, with intact, deleted, or mutated p53 or phosphatase and tensin homolog on chromosome 10; intact or deleted or p14ARF or wild-type or amplified epidermal growth factor receptor. Dinaciclib inhibited cell proliferation and induced cell-cycle arrest at the G2/M checkpoint, independent of p53 mutational status. In a standard 72-hour 3-[4,5-dimethylthiazol-2yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H, tetrazolium (MTS) assay, at clinically relevant concentrations, dose-dependent antiproliferative effects were observed, but cell death was not induced. Moreover, the combination of conventional chemotherapeutic agents and various growth-signaling inhibitors with dinaciclib did not yield synergistic cytotoxicity. In contrast, combination of the Bcl-2/Bcl-xL inhibitors ABT-263
Introduction
Gliomas are the most common primary tumors in the adult central nervous system. Malignant glioblastoma is characterized by rapid cell proliferation, high invasion, and genetic alterations. Despite advances in all treatment modalities with aggressive surgical resection combined with irradiation and chemotherapy, the median survival remains poor. During malignant transformation, a number of genetic alterations are involved in glioma oncogenesis, including inactivation of tumor suppressor genes such as p16, Rb, p53, and phosphate and tensin homolog on chromosome 10 (PTEN), as well as amplification and overexpression of the cyclin-dependent kinase (CDK) 4 and epidermal growth factor receptor (EGFR) genes (Wen et al., 2006; Bleeker et al., 2012; Bastien et al., 2015) . A specific and oncogenic EGFR mutant (EGFRviii) can be detected in about one-third of GBMs that activates the RAS/RAF/MEK/MAP kinase, phosphoinositide 3-kinase, mTOR, and STAT pathways to high levels (Tsurushima et al., 1996; Mizoguchi et al., 2006; Akhavan et al., 2010) . Disruption of the TP53 and RB (retinoblastoma) pathways also occurs in gliomas through direct mutation, deletion (Henson et al., 1994; Ohgaki et al., 2004) or amplification of MDM2 (Riemenschneider et al., 1999) or CDK4 (Schmidt et al., 1994) , respectively. PTEN is mutated or deleted in 30%-40% of gliomas (Wang et al., 1997) , the p53 tumor suppressor gene is mutated or deleted in ∼50%, and the Ink4A/Arf locus is also commonly deleted (Ohgaki et al., 2004; Parsons et al., 2008) . The cyclin-D/CDK4, CDK6/ p16INK4a/pRB/E2F pathway, a key regulator of G1 to S phase transition of the cell cycle, is disrupted in the vast majority of human malignant gliomas and is one of the hallmarks of this tumor type. Common defects include homozygous deletion of CDKN2A/2B (52%), amplification of CDK4 (18%), amplification of CDK6 (1%), and deletion or mutation of RB (12%) (Ohgaki et al., 2004; Parsons et al., 2008; Bastien et al., 2015) .
Because many human cancers harbor genetic events that activate CDKs, it has been hypothesized that selective CDK inhibitors may have broad antitumor activity in human malignancies (Asghar et al., 2015) . Several CDK inhibitors, including dinaciclib (Merck, Kenilworth, NJ), palbociclib (Pfizer, New York, NY), abemaciclib (Lilly, Southlake, TX), BAY1000394 (Bayer Healthcare, Leverkusen, Germany), and ribociclib (Novartis Pharmaceuticals Corp., Basel, Switzerland) are currently in clinical trials for various advanced cancers (Asghar et al., 2015 , Gallorini et al., 2012 . Dinaciclib inhibits CDKs 1, 2, 5, and 9 and entered phase 2 and 3 clinical trials in a range of malignancies and displayed tolerable toxicity (Parry et al., 2010; Nemunaitis et al., 2013; Fabre et al., 2014; Asghar et al., 2015 , Kumar et al., 2015 . Parry et al. (2010) also showed that dinaciclib inhibited cell proliferation and cell-cycle progression in multiple tumor cell lines across a broad range of tumor types with different genetic backgrounds and induced regression of established solid tumors in mouse models. Despite research advances, reports of randomized phase 2 trials of dinaciclib in solid tumors have been disappointing (Mita et al., 2014) , with no significant response in patients with non-small cell lung cancer (Stephenson et al., 2014) or acute lymphoblastic leukemia (Gojo et al., 2013) . In this study, we investigated the cellular responses to CDK inhibitors in a panel of glioma cancer cell lines. Unlike other CDK inhibitors (e.g., ribociclib, palbociclib, AZD-5438, and AMG-925), dinaciclib produced a dose-dependent reduction of cell proliferation at low nanomolar concentrations in a number of glioma cells with different genetic backgrounds.
ABT -737 is a promising chemotherapeutic agent that promotes apoptosis by acting as a selective BH3 mimetic to neutralize Bcl-2-like family members (Oltersdorf et al., 2005) . In preclinical experiments, ABT-737 showed strong antiproliferative and proapoptotic effects in a wide variety of cell types (Bodet et al., 2011) . Many cancers, particularly gliomas, are resistant to apoptosis by upregulation of antiapoptotic Bcl-2 family members (Premkumar et al., 2012) . One shortcoming with its use is that Mcl-1, a member of the Bcl-2 family, is poorly inhibited by ABT-737 and thus is a major cause of resistance. Because we observed that the effects of this agent were almost entirely cytostatic rather than cytotoxic, we questioned whether the efficacy of dinaciclib could be enhanced by combining it with a second agent that tipped the balance in favor of apoptosis rather than cell-cycle arrest. Because Gojo et al. (2013) demonstrated dinaciclib-induced in vivo inhibition of Mcl-1 expression in patients' peripheral blood mononuclear cells, we hypothesized that combining dinaciclib and ABT-737 would potentiate apoptosis induction in glioma. In this study, we demonstrated the potential benefit of combining the CDK inhibitor dinaciclib with the Bcl-2/BclxL antagonist ABT-737, and here we highlight the potential benefits of simultaneously targeting both survival pathways in patients with glioma.
Materials and Methods
Cell Lines. Established malignant human glioma cell lines such as U373, T98G, A172, and LN229 were obtained from the American Type Culture Collection (Manassas, VA). LN18 and LNZ308 were provided by Dr. Nicolas de Tribolet (Lausanne, Switzerland). The establishment of the parental human glioblastoma cell line, U87 and its derivatives, which overexpress exogenous wild-type EGFR (U87-EGFR-WT), or constitutively active EGFR with a genomic deletion of exons 2-7 (U87-EGFRviii) has been described elsewhere . The cell lines were kindly provided by Dr. Shi-Yuan Cheng (Northwestern University Feinberg School of Medicine, Chicago, IL). Genetic features (Table 1 ) of these glioma cell lines have been characterized elsewhere (Furnari et al., 1997; Weller et al., 1998) . Cell culture conditions of these cell lines were as previously described (Nagane et al., 1996; Premkumar et al., 2015) . Cell lines used in this study were authenticated using short tandem repeat (STR) analysis by ATCC cell line authentication service. The cell line sample was processed using the ABI Prism 3500xl Genetic Analyzer. Data were analyzed using GeneMapper ID-X v1.2 software (Applied Biosystems, Foster City, CA). The genetic profiles for the samples were identical to the reported profile.
Reagents and Antibodies. Dinaciclib, ribociclib, palbociclib, gefitinib, sorafenib, dasatinib, vorinostat, panobinostat, rapamycin, bortezomib, cucurbitacin-I, AZD-6244, YM-155, NVP-AUY922, AMG-925, ABT-737, ABT-263, MK-2206, XL-147, NVP-BKM120, and /well) were plated in 96-well microtiter plates (Costar, Cambridge, MA) in 100 ml of growth medium and, after overnight attachment, exposed for the indicated intervals to inhibitors or vehicle (dimethyl sulfoxide, DMSO). After treatment (72 hours) at 37°C, cells were washed in medium, and the number of viable cells was determined using a colorimetric cell proliferation assay (CellTiter96 Aqueous NonRadioactive Cell Proliferation Assay; Promega, Madison, WI) essentially by incubating cells in the MTS solution for 2 hours and by determining the absorbance at 490-nm wavelength, as reported previously . IC50 values for the inhibitors were calculated with probit analysis, using IBM SPSS 22 (IBM, Armonk, NY). For growth kinetics analysis (doubling time), 1000 cells were seeded in a 96-well plate with 200 ml of complete growth media and incubated at 37°C, 5% CO 2 , for 24, 48, 72, and 96 hours. At each time point, triplicate wells with predetermined cell numbers were subjected to the preceding assay (i.e., MTS cell proliferation assay) in parallel with the test samples. The growth curve was plotted, and the doubling time was calculated from regression equation of the curve as described previously (Premkumar et al., 2006) .
Annexin V Apoptosis Assay. Apoptosis induction in vehicle-or inhibitor-treated cells was assayed by the detection of membrane externalization of phosphatidylserine using an Annexin V assay kit (Molecular Probes, Invitrogen, Eugene, OR) as described previously . 2 Â 10 5 cells were harvested at various intervals after treatment, washed with ice-cold phosphate-buffered saline (PBS), and resuspended in 200 ml of binding buffer. Annexin Vfluorescein isothiocyanate and 1 mg/ml propidium iodide (PI) were added, and cells were incubated for 15 minutes in a dark environment. Labeling was analyzed by flow cytometry with a fluorescenceactivated cell sorter FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Annexin V binds to phosphatidylserine, which translocates from the inner leaflet to the outer leaflet of the plasma membrane in apoptotic cells, so cells that are positive for annexin V staining (i.e., high annexin V signal) are undergoing apoptosis. PI staining provides a measure of cell viability and is used to distinguish between cells in early and late apoptosis (in early apoptosis, PI signal is low; lower right quadrant), and in late apoptosis PI signal is high (upper right quadrant). Cells positive for both annexin-V and PI represent dying cells (upper left quadrant).
Clonogenic Growth Assay. The effect of different inhibitor concentrations on cell viability was also assessed using a clonogenic assay. For this analysis, 250 cells were plated in six-well trays in growth medium, and after overnight attachment, cells were exposed to selected inhibitor concentrations or vehicle for the indicated duration. Cells were then washed with inhibitor-free medium and allowed to grow for 2 weeks under inhibitor-free conditions. Cells were then fixed and stained according to the manufacturer's protocol (Hema 3 Manual Staining Systems; Fisher Scientific, Pittsburgh, PA). After staining, six-well plates were scanned, and images were assembled using Adobe Photoshop CS2 software (Adobe Systems, San Jose, CA).
Combination Index Analysis. Logarithmically growing glioma cells were seeded in 96-well microplates at 5000 cells/well and were allowed to attach overnight. Cells were treated with increasing concentrations of single-agent dinaciclib, ABT-737, or the combination of both in a fixed concentration ratio. Control cells received DMSO. Cell viability was measured using MTS cell proliferation assay as described already herein. The dose-effect curve parameters for both dinaciclib and ABT-737 were used for the calculation of the combination index by the Calcusyn software (BIOSOFT, Cambridge, UK), where combination index values ,1, 51, and .1 indicate synergism, additivity, and antagonism, respectively (Chou and Talalay 1984) . in a lysis buffer containing 0.025% digitonin, sucrose (250 mM), HEPES (20 mM, pH 7.4), MgCl 2 (5 mM), KCl (10 mM), EDTA (1 mM), phenylmethylsulfonyl fluoride (1 mM), 10 mg/ml aprotinin, and 10 mg/ml leupeptin. After 10-minute incubation at 4°C, cells were centrifuged (2 minutes at 13,000g), and the supernatant (cytosolic fraction) was removed and frozen at 280 o C for subsequent use. In Vitro Cross-Linking and Analysis of Bax Oligomerization. Cytosolic and membrane fractions were prepared by selective plasma membrane permeabilization with 0.05% digitonin, followed by membrane solubilization with 1% CHAPS as described elsewhere (Premkumar et al., 2012) . Briefly, control and experimental cells in dishes were treated with 0.05% digitonin in isotonic buffer (10 mM HEPES, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, pH 7.4) containing protease inhibitors [1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 0.8 mM aprotinin, 50 mM bestatin, 15 mM E-64, 20 mM leupeptin, 10 mM pepstatin A], for 1 or 2 minutes at room temperature. The permeabilized cells were shifted to 4°C, scraped with a rubber policeman, and collected into centrifuge tubes. The supernatants (digitonin-extracted cytosolic fraction) were routinely collected after centrifugation at 15,000g for 10 minutes. After centrifugation, the pellet was washed with isotonic buffer and further extracted with ice-cold detergent (1% CHAPS) in isotonic buffer containing protease inhibitors for 60 minutes at 4°C to release membrane-and organelle bound proteins, including mitochondrial cytochrome c. The CHAPS soluble membrane fractions were collected by high speed (15,000g) centrifugation for 10 minutes. Protein cross-linker, DSP [dithiobis(succinimidylpropionate)] was dissolved in DMSO and prepared just before use. Equal amounts of CHAPSextracted membrane fraction protein were incubated with 1 mM DSP for 45 minutes at room temperature and subsequently quenched by adding 20 mM Tris-HCl (pH 7.4). Proteins were resolved by nonreducing SDS-PAGE, and immunoblots were analyzed as described herein.
Transient Transfection. Optimal 29mer-pRS-shRNA constructs were obtained from OriGene (Rockville, MD). Sequences specific for human Mcl-1 and nontarget control shRNA sequences were used for this study. Cells were seeded in six-well plates and allowed to reach 70%-80% confluence. Transfection of targeting or control (nontargeting) shRNA was performed by using FuGene 6 according to the manufacturer's recommendations (Roche Applied Science, Indianapolis, IN). One microgram of shRNA in 100 ml Opti-MEM medium was mixed with 2 ml of FuGene 6. After the mixture was incubated at room temperature for 20 minutes, complete medium was added to make the total volume up to 2 ml. For overexpression studies, cells were transfected with 2.0 mg of MCL-1 expression plasmid (catalog number RC200521, OriGene) or control vector, pCMV-6 (catalog number PS100001, OriGene) as described herein. After 48 hours, medium was changed and cells were incubated with inhibitors for 24 hours. Cell viability (annexin V/PI binding) or Western blot analysis was carried out as described herein.
Fluorescence Microscopy. Cells were grown on chamber slides (Nalge Nunc, Naperville, IL) in growth medium and, after an 
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overnight attachment period, were exposed to selected concentrations of inhibitor or vehicle (DMSO). Cells were washed once with PBS, fixed with 3.7% formaldehyde for 30 minutes, and stained with Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific, 1:200 dilutions) and DAPI (1:1000) for 2 hours at room temperature. The slides were then washed in PBS, mounted, and examined under a fluorescent microscope. Morphologic changes in response to inhibitor treatment were evaluated by microscopic (EVOS, Thermo Fisher Scientific) inspection.
Statistical Analysis. Unless otherwise stated, data are expressed as mean 6 S.D. The significance of differences between experimental conditions was determined using a two-tailed Student's t test. Differences were considered significant at P , 0.05.
Results
Differential Response to CDK Inhibitors in Malignant Human Glioma Cell Lines. In this study, we assessed the antiproliferative activity of CDK inhibitors ribociclib, palbociclib, AZD-5348, AMG-935, and dinaciclib in a panel of glioma cell lines representing a range of genetic features (Table 1) . Cells were treated with increasing concentrations of inhibitors for 72 hours, and MTS assay was performed as described in Materials and Methods. No significant growth inhibition was seen after 72 hours of treatment with as high as 15-20 mM ribociclib (Fig. 1A) and palbociclib (Fig. 1B) . The IC50 (inhibitory concentration of 50%) for AZD5438 (Fig. 1C) and AMG-925 (Fig. 1D ) ranged between 2 and 15 mM and 5 and 12 mM, respectively (Table 1) ; however, glioma cells were very sensitive to dinaciclib. The IC50 ranged between 20 and 40 nM on day 3 of culture ( Fig. 1E ; Table 1 ), suggesting that dinaciclib was the most potent agent among all tested CDK inhibitors in glioma. Interestingly, although most of the glioma cell lines showed exquisite sensitivity to dinaciclib, a degree of resistance was seen in T98G cell lines (IC50 . 500 nM; Table 1 ).
Alterations of the epidermal growth factor receptor (EGFR) gene are common in glioma. This prompted us to test the effect of dinaciclib in EGFR overexpressing cell lines. We used isogenic U87 cell lines expressing U87-EGFR-WT and U87-EGFRviii (Fig. 1F , Western blot). As shown in Fig. 1F , dinaciclib caused concentration-dependent inhibition of cell proliferation, the IC50 ranging between 10 and 20 nM, regardless of EGFR amplification status. No correlation was found between the sensitivity of cells to dinaciclib and the doubling time (Supplemental Table 1 ). Taken together, our results suggest that dinaciclib is a potent inhibitor, and the sensitivity does not appear to correlate with p53, p14 ARF , and PTEN or EGFR amplification status of human glioma cell lines.
Cytostatic Effect of Dinaciclib on In Vitro Cultured Glioma Cells. To quantify the effects on apoptosis, U87, Fig. 2 . Cytostatic effect of dinaciclib on in vitro cultured glioma cells (A) U87, U87-EGFR-WT, U87-EGFRviii, LNZ308, LN229, LN18, T98G, U373, and A172 cells were seeded at 60% confluence, allowed to attach overnight, and treated with dinaciclib (5.0 mM) for 24 hours. Control cells received an equivalent amount of DMSO. Apoptosis was analyzed by flow cytometry. Bar chart represents data from three independent experiments. (B) U87, U87-EGFRviii, LNZ308, U373, LN229, LN18, and A172 cells were seeded at 60% confluence, allowed to attach overnight, and treated with dinaciclib (2.5 mM) for 24 hours. Cells were stained with Alexa Flour 488 Phalloidin as described in Materials and Methods. Nuclei were stained with DAPI. Control cells received DMSO. Morphologic and nuclear changes in response to inhibitor treatment were evaluated by microscopic inspection. (C) U87, U87-EGFRviii, LNZ308, U373, LN229, LN18, and A172 cells were seeded at 60% confluence, allowed to attach overnight, and treated with dinaciclib (2.5 mM) for 24 hours. Cell-cycle analysis using PI staining was performed as described in Materials and Methods. Results represent the mean of three independent experiments. U87-EGFR-WT, U87-EGFRviii, LNZ308, A172, U373, LN18, LN229, and T98G cells were treated with dinaciclib for 24 hours, stained with annexin V and PI, and analyzed by flow cytometry. Our results reveal that more than ∼85% of glioma cells treated with amounts as high as 5.0mM dinaciclib were negative for both PI and annexin V and thus were viable ( Fig.  2A) . A representative FACS histogram is shown in Supplemental Fig. 1 . We also examined the cellular and nuclear morphology after phalloidin and Hoechst staining. As shown in Fig. 2B , cells treated with 2.5mM dinaciclib for 24 hours exhibited no significant cellular or nuclear changes (characteristic features of apoptosis such as nuclear condensation/ fragmentation and morphology changes such as cell shrinkage, membrane blebbing). Cell-cycle analysis by flow cytometry further revealed that dinaciclib induced cell-cycle arrest at the G2/M phase of the cell cycle, in which the cell fraction increased by 20%-30% to 45%-55% at 24 hours, whereas the G1 phase fraction decreased (Fig. 2C) . Then we used colonyforming assays to determine whether inhibitor-treated cells divide and reenter the cell cycle and retain their capacity for long-term cell survival and proliferation. As shown in the Supplemental Fig. 2A , the short-term presence of dinaciclib (24-hour exposure with inhibitor followed by 14 days growth in inhibitor-free media) produced a concentration-dependent reduction of viable colonies compared with DMSO-treated control cells. Interestingly, the long-term presence of dinaciclib (72-hour exposure with inhibitor followed by 14 days growth in inhibitor-free media) showed a significant inhibition of colony size (Supplemental Fig. 2B ) but did not induce cell death (data not shown).
Combined Treatment with Dinaciclib and ABT-737 Effectively Kills Glioma Cells. Because clinically achievable concentrations of dinaciclib (82.3-184 nM) inhibited proliferation but failed to induce apoptosis in glioma ( Fig.  2A) , we examined a panel of agents that could potentially be combined with dinaciclib to promote tumor cell killing. We selected this panel of inhibitors to represent a spectrum of mechanisms that might promote apoptosis, including receptor kinase inhibitors (gefitinib and sorafenib), PKC inhibitors (enzastaurin and rottlerin), Src family kinase inhibitor (dasatinib), JAK/STAT inhibitor (WP-1066), histone deacetylase inhibitors (vorinostat and panobinostat), phosphatidylinositol 3-kinase/Akt/mTOR pathway inhibitors (MK2206, XL-147, NVP-BKM120, NVP-BEZ235, everolimus, and rapamycin), MAP kinase inhibitors (AZD6244 and UO126), survivin inhibitor (YM-155), heat-shock protein inhibitors (NVP-AUY922 and 17-AAG), proteasomal inhibitor (bortezomib), Bcl-2/BclxL inhibitors (ABT-737 and ABT-263), and chemotherapeutic agents (DNA strand termination, gemcitabine and 5-fluouracil; DNA alkylation, temozolomide and carmustine; disruption of microtubule dynamics, vincristine, vinblastine and taxol; topoisomerase-II inhibition, topotecan, etoposide and doxorubicin), for their effect on cell viability. For most agents, we did not observe a clear annexin V/PI-positive population of cells treated with the inhibitors alone or in combination with dinaciclib; however, coadministration of dinaciclib and ABT-263 or dinaciclib and ABT-737 significantly increased annexin V 1 and PI 1 cells ( Fig. 3A ; Supplemental Table 2 ). Then we performed combination index dose-effect isobologram analysis as described in Materials and Methods. The combination of dinaciclib with ABT-737 produced a synergistic inhibition ( Fig. 3B ; Supplemental Table 3 ), suggesting that the cotreatment of dinaciclib plus ABT-737 has the potential not only to increase the rate of treatment response but also to reduce the concentration of each inhibitor needed to elicit a given effect. In parallel, whole cell lysates were examined by Western blot analysis. It is important to note that at as great a concentration as 10.0 mM, dinaciclib as a single agent does not activate or cleave the 32-kDa procaspase-3 into a -p20, -p17, or -p12-kDa "active" form, nor was poly ADP-ribose polymerase (PARP) cleaved to form a 89-kDa fragment); however, simultaneous treatment with dinaciclib (at clinically achievable concentrations, 25-100 nM) plus ABT-737 (100 nM) resulted in the appearance of cleaved fragments of caspase 3 and PARP and induction of cell death, suggesting the involvement of caspase-dependent pathways (Fig. 3C ) and the greater benefit in combination than evidenced by either single agent alone. Likewise, It is apparent that dinaciclib (100 nM) or ABT-737 (100 nM) minimally inhibited the formation of colonies; in contrast, cultures exposed to the combination of ABT-737 and dinaciclib completely abolished colony-forming ability, suggesting the chemotherapeutic potential of these inhibitors in combination against glioma (Supplemental Fig. 2A) .
Effect of Dinaciclib and ABT-737 on the Cell-Cycle Profile and the Expression Levels of Cell-Cycle Regulatory Proteins. To elucidate the molecular mechanisms Table 2 for the concentrations used in this study) or the combination of both for 24 hours. Control cells received an equivalent amount of DMSO. Apoptosis was analyzed by flow cytometry as described in Materials and Methods. The results represent the mean of two independent experiments representing various stages of cell death. (B) U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells were treated with dinaciclib (100 nM (D), ABT-737 (100 nM) (A), or the combination of both (D and A). Control cells received DMSO (C). Apoptosis was analyzed by flow cytometry as described in Materials and Methods. The results represent the mean of three independent experiments. (C) In parallel, cell extracts (from U87, LNZ308, and T98G) were prepared, and equal amounts of protein were separated by SDS-PAGE and subjected to Western blot analysis with the indicated antibodies. b-actin served as loading control. The results of a representative study are shown; two additional experiments produced similar results.
Dinaciclib Sensitizes Glioma Cells to underlying this biologic effect, we examined the alteration in cell-cycle regulatory protein expression on dinaciclib treatment in U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G glioma cell lines. No correlation was found between the sensitivity of cells to dinaciclib and the expression of cell-cycle regulatory proteins. As shown in Fig. 4A , low levels of CDK2 and CDK 6 expression were seen in LNZ308 and U87 cell lines. Dinaciclib did not significantly alter CDK1, CDK2, CDK4, CDK6, and CDK7 expression levels (Fig. 4A) . In contrast, treatment of glioma cells with different concentrations of dinaciclib for 24 hours resulted in a concentration-dependent reduction of CDK9, cyclin B1, cyclin D1, and cyclin D3 protein expression compared with the DMSO-treated cells. Expression levels of the CDK inhibitor p21, but not p27, was decreased prominently (data not shown). Phosphorylation status of Rb, which participates directly in the control of cell cycle, was also examined. As shown in Fig. 4B , dinaciclib downregulated phosphorylation of RB, whereas total Rb levels were unchanged.
Because downregulation of Mcl-1 has been observed to confer sensitivity to ABT-737 and our annexin V/PI studies in this report (Fig. 3, A and B) suggest that ABT-737 can, in principle, increase the sensitivity of glioma cells to dinaciclib, we examined Bcl-2 family proteins by Western blot analysis. The expression level of Mcl-1 was markedly downregulated in all glioma cell lines (Fig. 4B) , whereas that of Bcl-2, Bcl-xL, Bid, Bcl-w, Bim, and Bak were unchanged (data not shown). Of note, ABT-737 as a single agent (100 nM) or in combination with dinaciclib (indicated concentrations) did not significantly alter the expression levels of cell-cycle regulatory proteins (Fig. 4A) .
Cotreatment with Dinaciclib and ABT-737 Induces Mitochondrial Membrane Potential Dysfunction and Conformational Changes of the Proapoptotic Protein Bax. Because Bcl-2 family proteins are key regulators of the mitochondrial apoptotic pathway and changes in mitochondrial membrane potential (Δcm) are thought to represent an early event in the induction of apoptosis and likely capture the effects of agents on various aspects of Bcl-2 family member homeostasis, we evaluated the effect of ABT-737 with or without dinaciclib on Δcm. The integrity of the mitochondrial membranes of the cells was examined by DiOC6 staining and flow cytometry; the decrease in fluorescence intensity reflected the loss of Δcm. DiOC6 enters the mitochondria in healthy cells but leaches into the cytosol of the cell on ncm dissipation, resulting in decreased fluorescence intensity. Uncoupling of mitochondrial respiration with CCCP served as a positive control (data not shown). U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells treated with varying concentrations of dinaciclib and the loss of mitochondrial membrane potential were analyzed as described in Materials and Methods. A representative FACS plot (Fig. 5, A-C) and a (Fig. 5, A and B, respectively) . By contrast, coadministration of dinaciclib (25 nM) and ABT-737 (50 nM) enhanced the loss of mitochondrial membrane potential (Fig. 5C , appearance of a population to the left). Pretreatment with the pan-caspase inhibitor zVAD-fmk partially reversed the ncm, suggesting that dinaciclib and ABT-737-induced cell death is associated with damage to the mitochondrial membrane (data not shown). Because cytochrome c release from mitochondria is an early, pivotal event in the apoptosis of many cell types, cytosolic fractions of cell lysates were analyzed by immunoblotting for cytochrome c, smac/DIABLO, and apoptosis-inducing factor. Cotreatment with dinaciclib and ABT-737 strongly increased the release of mitochondrial apoptogenic factors, cytochrome c, apoptosisinducing factor, and smac/DIABLO in the cytoplasmic fraction compared with cells treated with single agents (Fig. 5D) .
Bax and Bak are generally believed to be responsible for mitochondrial outer membrane permeabilization initiating the release of caspase activators such as cytochrome c, which is a key step in the events leading to the eventual cell death. The release of cytochrome c into the cytosol prompted us to analyze the involvement of upstream regulators of mitochondrial membrane perturbations, such as Bax and Bak. To investigate Bax and Bak involvement, we used Bax (6A7, monoclonal Bax antibody, Sigma) and Bak antibodies (1-Ab, monoclonal Bak antibody; Calbiochem) that recognize the active conformations of the respective proteins. Immunoprecipitation followed by Western blot analysis, was performed as described in Materials and Methods. Western blotting showed an increase in the amount of activated Bax in glioma cells treated with dinaciclib and ABT-737 for various times. No Bak activation was evident in glioma cell lines (data not shown). In contrast, there was no activation of Bax in cells treated with each agent individually (Fig. 5E) .
Homo-oligomerization of Bax has been hypothesized to be responsible for cell death through the mitochondriadependent apoptosis pathway. To address the effect of dinaciclib and ABT-737, we examined Bax homo-oligomerization in glioma cell lines. Freshly prepared mitochondrial membrane fractions from untreated or treated cells were incubated with DSP (dithiobissuccinimidyl propionate), a membranepermeable homo-bifunctional amine-reactive cross-linking agent. As shown in Fig. 5F , cross-linked Bax protein complexes were observed in U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells.
Dinaciclib Promotes Proteasomal Degradation of Mcl-1 and Enhances ABT-737-Mediated Cell Death in Malignant Human Glioma Cell Lines. Because Mcl-1 protein expression is regulated by multiple mechanisms, including degradation by the proteasome, we examined whether Mcl-1 protein stability was affected by exposure to dinaciclib. Cells were cultured in dinaciclib with or without proteasomal inhibitor MG132 for the indicated duration. Western blot analysis (Fig. 6A) , indicated that the decrease in Mcl-1 protein levels was inhibited in the proteasomesuppressed (MG132 treated) cells, indicating the involvement of proteasomal degradation of Mcl-1. Furthermore, consistent with our previous studies , shRNA-mediated knockdown of Mcl-1 significantly promoted ABT-737-induced cell death compared with nontarget shRNA (Fig. 6B) . To further validate the requirement for Mcl-1 in the synergistic killing activity of dinaciclib plus ABT-737, cells were transfected with Mcl-1, treated with dinaciclib or ABT-737 alone or in combination. Western blotting of total cell lysates indicated overall expression levels of Mcl-1 protein levels. Annexin V/ propidium analysis of cells containing the empty expression vector displayed high levels of cell death in the presence of Dinaciclib Sensitizes Glioma Cells to both dinaciclib and ABT-737; whereas cells overexpressing Mcl-1 were more resistant to cell death induced by the drug combination (Fig. 6C) , suggesting a protective role of Mcl-1 in preventing cell death induced by the combination of dinaciclib and ABT-737.
Discussion
It is clear that genetic alterations in malignant gliomas affect cell proliferation and cell-cycle control, which are the targets of most chemotherapeutic agents (small molecules and antibodies); however, early clinical data from the use of CDK inhibitors are largely disappointing. Dinaciclib is a novel CDK1, CDK2, CDK5, and CDK9 inhibitor that inhibits cell proliferation and induces apoptosis in a variety of human cell lines. Compared with flavopiridol, dinaciclib showed a superior therapeutic index in a preclinical setting (Parry et al., 2010) . Preliminary pharmacokinetic data from clinical studies in solid tumors suggest that average dinaciclib concentrations of 82.3-184 nM can be achieved (Mita et al., 2014; Gojo et al., 2013) . Using a large panel of glioma cell lines, we have demonstrated that CDK inhibitors effectively inhibit cell proliferation. Our data, however, suggest that concentrations in this clinically achievable range cause growth inhibition, but not killing, of glioma cells (Fig. 2, A and B and Fig. 3, A-C) , which is consistent with the observation that with the exception of CLL and osteosarcoma Phelps et al., 2009; Fu et al., 2011) , single-agent CDK inhibitors have demonstrated only modest clinical anticancer activity in a broad range of tumors, suggesting the need for combining CDK inhibitors with chemotherapy or other novel signaling inhibitors to provide an effective response (Cicenas and Valius, 2011) .
In this study, dinaciclib was screened in combination with clinical or experimental cancer therapeutics. A unique synergistic activity was observed when dinaciclib was combined with ABT-737 or ABT-263, small-molecule Bcl-2/Bcl-xL antagonists. Previously, using a panel of glioma cell lines, we U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells were treated with dinaciclib (50 nM) or ABT-737 (50 nM) or the combination of both for indicated durations. Cytosolic extracts were prepared, and equal amounts of protein were separated by SDS-PAGE and subjected to Western blotting analysis with the indicated antibodies. (E), U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells were treated with dinaciclib (50 nM) or ABT-737 (50 nmol/L) or the combination of both for the indicated duration and lysed with 1% CHAPS buffer. An equal amount of protein (500 mg) was immunoprecipitated with monoclonal anti-Bax (6A7; Sigma-Aldrich) antibody and then subjected to Western blot analysis with polyclonal anti-Bax antibody (Cell Signaling Technology). (F) U87, U87-EGFRviii, LNZ308, LN229, LN18, and T98G cells were treated with dinaciclib (50 nM) or ABT-737 (50 nM) or the combination of both for 12 hours. Control cells received equivalent amounts of DMSO. Membrane fractions were obtained as described in Materials and Methods, and proportional amounts corresponding to total protein were analyzed for Bax oligomerization by Western blotting under nonreducing conditions. Slow-moving Bax oligomers in DSP crosslinked cells were derived from Bax monomers, and the molecular masses of oligomers containing Bax were calculated by plotting their migrations against migrations of molecular mass standards (left panel, mol. wt. marker). The results of a representative study are shown; two additional experiments produced similar results.
have demonstrated that malignant human glioma cells are resistant to ABT-737, with an IC50 around 30-50 mM after 24 hours of exposure (Premkumar et al., 2012) . Interestingly, as shown in Fig. 3B , when low nanomolar concentrations of dinaciclib were combined with ABT-737, a detectable synergistic effect in killing by apoptotic activation was evidenced, regardless of p53/PTEN/EGFR/p14 ARF status. From a molecular standpoint, a logical interpretation of data presented on the ability of ABT-737 to synergistically induce apoptosis in glioma cells when combined with dinaciclib reflects the possibility that these two signaling inhibitors simultaneously modulate multiple regulatory pathways with key areas of interactions. We have demonstrated that dinaciclib inhibits Rb phosphorylation and the expression levels of Mcl-1 in a concentration-dependent manner. These effects were seen at pharmacologically relevant concentrations. It has been established by us and others (Konopleva et al., 2006; van Delft et al., 2006; Chen et al., 2007) that pharmacological or genetic depletion of Mcl-1 sensitizes tumor cells to ABT-737. In this study, we have shown the ability of dinaciclib to downregulate Mcl-1, which may represent a critical event in mediating the synergism with ABT-737 in killing glioma cells. This effect is likely occurring at the post-translational level by acting on enzymes regulating Mcl-1 half-life. With a very short half-life, Mcl-1 expression is regulated at multiple levels. It has been previously shown that more than six protein kinases, five E3 ubiquitin-ligases, and one deubiquitinase and ubiquitinindependent proteasomal degradation are involved in the regulation of Mcl-1 stability (Mojsa et al., 2014) . Here, we have demonstrated that dinaciclib modulated Mcl-1 expression through promoting proteasome-mediated degradation; however, the relative contributions of the other mechanisms were not examined in this study. Our results showed that the Combined treatment with dinaciclib and ABT-737 induced the loss of mitochondrial membrane potential, activated the mitochondrial pathway of apoptosis in glioma, as evidenced by cleavage of caspase-3 and PARP (caspase-9, data not shown) and accumulation of cytosolic cytochrome c, smac/DIABLO, apoptosis-inducing factor, and activation of Bax. The activation of Bax, including Bax conformational changes and oligomerization, appears to play a crucial role in the initiation of dinaciclib-and ABT-737-induced apoptosis, consistent with our observation that the activation of Bax, including Bax conformational changes and oligomerization, appears to play an important role in the initiation of apoptosis after targeted therapies in gliomas (Premkumar et al., 2012; Foster et al., 2014) . Annis et al. (2005) presented evidence that Bax inserts into the mitochondrial outer membrane as a monomer and then undergoes a conformational change and homooligomerization to form pores. When we used single agents in the same concentrations as in the combination therapies, neither dinaciclib nor ABT-737 was associated with any significant change in Dcm or induction of apoptosis. The combination of dinaciclib and ABT-737 strongly induced mitochondrial membrane depolarization, as shown by flow cytometry with DiOC6 dye and subsequent potent induction of apoptosis as shown by annexin V/PI analysis, suggesting that pharmacologic interaction of these agents enhances the mitochondrial outer membrane permeabilization, followed by effective conformational activation and oligomerization of Bax.
Although clinical trials showed that dinaciclib displayed tolerable toxicity (Parry et al., 2010; Nemunaitis et al., 2013; Fabre et al., 2014; Asghar et al., 2015; Kumar et al., 2015) , some reports of randomized phase 2 trials of dinaciclib have been disappointing (Mita et al., 2014) with no significant response, particularly in patients with non-small cell lung cancer (Stephenson et al., 2014) or acute lymphoblastic leukemia (Gojo et al., 2013) . In this study, we showed that neither ABT-737 nor dinaciclib is a potent cytotoxic agent when used alone and that efficacy was poor at the clinically achievable range. In contrast, the combination of dinaciclib plus ABT-737 at clinically achievable concentrations readily sensitized glioma cells to apoptosis induction by downregulating Mcl-1, regardless of EGFR/PTEN/p53/p14ARF status. The combination of dinaciclib and ABT-737 activated the mitochondrial pathway of apoptosis in glioma cell lines in a caspase-dependent manner. We also demonstrated that Bax, a major proapoptotic effector, undergoes conformational changes and seems to play a crucial role in the initiation of dinaciclib-plus-ABT-737-induced cell death. Regarding the mechanisms, treatment with dinaciclib promotes proteasomal degradation of Mcl-1 and significantly enhanced ABT-737 sensitivity. Because Mcl-1 protein is associated with early Logarithmically growing T98G, U87, U87-EGFRviii, and LNZ308 cells were pretreated with 1.0 mM of MG-132 (proteasomal inhibitor) for 2 hours followed by dinaciclib (250 nM) for the indicated duration. Cell extracts were subjected to Western blot analysis with the indicated antibody. b-actin served as loading control. (B) U87, U87-EGFRviii, LNZ308, and T98G cells were transfected with nontarget (NT) or Mcl-1 shRNA as described in Materials and Methods. Forty-eight hours post-transfection, cells were treated with the indicated concentrations of ABT-737 for 24 hours, and viability was assessed by annexin V/PI apoptosis assay (lower panel). In parallel, cell lysates were collected and protein was subjected to Western blot analysis using Mcl-1 antibody. Immunoblots were stripped and reprobed with b-actin. (C) U87 and LNZ308 cells were transfected with vector (pCMV) or Mcl-1 expression vector as described in Materials and Methods. Forty-eight hours post-transfection, cells were treated with dinaciclib (dina, 100 nM) or ABT-737 (ABT, 100 nM) or the combination of both (dina + ABT) for 24 hours, and viability was assessed by annexin V/PI apoptosis assay (lower panel). In parallel, cell lysates were collected, and protein was subjected to Western blot analysis using Mcl-1 antibody. Immunoblots were stripped and reprobed with b-actin. Data are representative of triplicate studies from three independent experiments. *P , 0.005. tumor recurrence and shorter survival in glioma patients , combining dinaciclib with ABT-737 is a promising strategy to overcome the multiple nonoverlapping resistance mechanisms that characterize these highly aggressive tumors.
